An accurate amplified fragment length polymorphism (AFLP) method, including three primer sets for the selective amplification step, was developed to display the phylogenetic position of Photobacterium isolates collected from salmon products. This method was efficient for discriminating the three species Photobacterium phosphoreum, Photobacterium iliopiscarium and Photobacterium kishitanii, until now indistinctly gathered in the P.phosphoreum species group known to be strongly responsible for seafood spoilage. The AFLP fingerprints enabled the isolates to be separated into two main clusters that, according to the type strains, were assigned to the two species P. phosphoreum and P. iliopiscarium. P. kishitanii was not found in the collection. The accuracy of the method was validated by using gyrB-gene sequencing and luxA-gene PCR amplification, which confirmed the species delineation. Most of the isolates of each species were clonally distinct and even those that were isolated from the same source showed some diversity. Moreover, this AFLP method may be an excellent tool for genotyping isolates in bacterial communities and for clarifying our knowledge of the role of the different members of the Photobacterium species group in seafood spoilage.
Introduction
Fresh fish products under modified atmosphere packaging (MAP) are sold increasingly and widely in Europe as chilled products. This type of packaging, enriched with a CO 2 concentration usually varying between 20 and 60%, extends the shelf life of these products by reducing the growth of some Gram- negative bacteria like Pseudomonas and Shewanella (Gram and Huss, 1996; Sivertsvik et al., 2002) .
The extended shelf life facilitates the transport, chilled distribution and marketing of fresh MAP fish.
However, MAP favors the development of CO 2 -resistant bacteria, such as Gram-positive lactic acid bacteria, Brochothrix thermosphacta and the Gram-negative Photobacterium phosphoreum (Dalgaard et al., 1993; De la Hoz et al., 2000; Emborg et al., 2005; Hansen et al., 2009; Macé et al., 2012; Rudi et al., 2004) . P. phosphoreum has been identified as the main specific spoilage organism (SSO) responsible for sensory spoilage of several chilled marine fish including salmon, cod, halibut, garfish, and saithe as well as shrimp (Dalgaard et al., 1993; Dalgaard, 1995; Emborg et al., 2002; Macé et al., 2013) .
The genus Photobacterium is a member of the Vibrionaceae family and comprises facultatively aerobic, motile bacteria. They typically occur in seawater and are associated with marine animals such as saprophytes and enteric commensals (Urbanczyk et al., 2011) . Many bacterial isolates identified as P. phosphoreum have been isolated from seafood products including fish. As a facultative psychrophile, this bacterium has been isolated from the surfaces and intestinal contents of fish generally occurring in cold meso-pelagic and bentho-pelagic habitats (Dunlap and Kita-Tsukamoto, 2006; Hastings and Nealson, 1981; Wilson et al., 2008) and consequently on fish fillets and steaks (Emborg et al., 2002; Hansen et al., 2009; Hovda et al., 2007; Macé et al., 2012; Reynisson et al.,2009; Rudi et al., 2004) .
For many years, there has been ambiguity regarding the phylogenetic status, species composition and correct identification of strains in the P. phosphoreum species group. In a phylogenetic study based on multilocus sequence analysis targeting 16S rDNA, gyrB and lux ABFE genes, Ast and Dunlap (2005) demonstrated that strains originally isolated and identified as P. phosphoreum can be classified into three evolutionarily distinct lineages, considered species, P. phosphoreum, Photobacterium
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4 iliopiscarium and Photobacterium kishitanii. Regarded as sister species, P. phosphoreum and P.
iliopiscarium are more closely related to each other than either is to P. kishitanii. These results were confirmed by Urbanczyk et al. (2011) , reviewing the status of the genus Photobacterium from the perspectives of genomics, phylogeny and symbiosis. These authors carried out a phylogenetic analysis based on multiple housekeeping genes with both previously recognized and newly described species.
The analysis revealed an evolutionary divergence within Photobacterium with the presence of two well-supported clades. The two clades separate luminous and symbiotic species from non-luminous, non-symbiotic forms. The type species of the genus is P. phosphoreum, a member of Clade 1, while P.
iliopiscarium is its closest relative in the phylogenetic tree. Species of Clade 1 are luminous with the exception of P. iliopiscarium, for which no luminous strains have been described to date. In order to identify these three species correctly and easily among the P. phosphoreum group, it is necessary to develop additional molecular methods.
Molecular genotyping tools, including amplified fragment length polymorphism (AFLP), enabling the fingerprinting of specific DNA patterns are used extensively to study microbial diversity (Cocolin and Ercolini, 2008; Giraffa and Neviani, 2001; Vos et al., 1995) . For a set of bacterial isolates, phylogenetic relationships can be inferred by analyzing the AFLP data.
AFLP can be applied to DNA of any source or complexity, varying in both size and base composition and there are many applications for this universal marker system. Moreover, a high level of correlation between AFLP results and published DNA hybridization data has been shown for many bacterial genera and species, indicating that AFLP is a valuable technique for the classification of bacteria (Blears et al., 1998; Mougel et al., 2002) . The method shows high discriminatory power and good reproducibility and has proved to be efficient for discriminating at the species level and below in various taxa (Janssen et al., 1996 , Savelkoul et al., 1999 . The development and application of AFLP as a fingerprinting method has led to significant progress in the study of the genetic diversity and taxonomy of bacteria (Cappello et al., 2008; Hamza et al., 2012; Lazzi et al., 2009; Lévesque et al., 2012; Nabhan et al., 2012) . However, only a few studies have been published using AFLP to investigate the phylogeny of Photobacterium (Ast et al., 2007) , most of them dealing with P. damselae
in epidemiological surveys (Botella et al., 2002; Kvitt et al., 2002; Takahashi et al., 2008; Thyssen et al., 2000) .
The aim of the present work is, including reference strains, to study the phylogenetic position of potential seafood spoiling Photobacterium isolates collected, during previous studies, from seafood products, especially salmon steaks (Macé et al., 2012 (Macé et al., , 2013a (Macé et al., , 2013b and cold-smoked salmon . Here, we describe an accurate AFLP method to discriminate between P. phosphoreum and P. iliopiscarium, strains previously tentatively classified within the P. phosphoreum species group . The results are supported by investigating the gyrB-gene sequences and the presence or absence of the luxA gene in every isolate of the collection. As emphasized before , the taxonomic confusion surrounding P. phosphoreum exemplifies a fundamental problem in bacterial systematics: how can species that are phenotypically similar but evolutionarily distinct be reliably recognized and diagnosed? This work aims to contribute to resolving this problem.
Materials and Methods

Bacterial strains
Bacterial strains and isolates used in this study are listed in Table 1 . Ten reference strains of Photobacterium were obtained from culture collections. They belong to the following species: P.
angustum, P. damselae subsp. damselae, P. damselae subsp. piscicida, P. phosphoreum, P.
iliopiscarium, P. kishitanii, P. indicum and P. lipolyticum. The Photobacterium isolates were collected from fish products, most of them from different batches of spoiled salmon steaks and a few from
smoked salmon. These isolates were tentatively identified as belonging to the P. phosphoreum species group as described by Macé et al. (2012 Macé et al. ( , 2013a Macé et al. ( , 2013b and Leroi et al. (1998 
KCl, 50% glycerol (v/v) were added to the inactivated digestion solution and incubated at 20°C for 2 h to generate template DNA for amplification. Subsequently, a 1:10 dilution of the ligation mixture was prepared with TE buffer.
Pre-amplification
The "non-selective" primers EcoRI-0 and preliminary tests were performed on isolates 1 to 33 and strains R1 to R10 (Table 1) for EC-MG, EC-MC, EC-MA and EC-MT. EA-MA and ET-MA were tested on reference strains R1 to R10 only.
Finally, three selective primer pairs, EC-MC, EC-MA and EA-MA, were selected, based on the quality of the peaks produced (peak intensity, peak distribution and reproducibility of results) to study the genetic diversity of the isolates in relation to reference strains.
Fragment analysis
DNA amplified fragments were separated by capillary electrophoresis in the CEQ™ 8000 DNA analysis system (Beckmann Coulter, Villepinte, France): 0.5 µl volume of selective PCR product and 0.5 µl of DNA internal size standard (CEQ DNA size standard 600, Beckmann Coulter) were added to 30 µl of sample loading solution (Beckmann Coulter). Samples were loaded onto the CEQ™ 8000 system and run under the conditions specified by Beckmann Coulter. A DNA fingerprint was obtained for each primer pair tested and each sample. On this electropherogram, DNA fragments were identified according to their size (number of nucleotides). The scoring of the peaks generated was automated by analyzing the results with the "fragment analysis module" of the CEQ 8000 software (CEQ™ 8000 Genetic Analysis System V8).
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A minimum fluorescence threshold value of 1500 RFU (Relative Fluorescence Units) was chosen on the basis of the preliminary experiments. However, each DNA fingerprint was thoroughly reviewed, especially for high molecular weight lower peaks. If not considered by the automatic data analysis, they were included in the data set of peaks if their resolution was comparable to those of ladder fragments of similar size.
DNA fragments from 60 to 640 nucleotides were included in the study in order to generate a peak calculating a similarity matrix using the Dice coefficient. The resulting similarity matrix was regrouped by unweighted pair group clustering using arithmetic averages (UPGMA). Finally, using the same software, results from the three combinations were combined to display genotype relationships between the isolates studied. This was done by averaging the three similarity matrices and generating a single UPGMA dendrogram. The cophenetic correlation was calculated between the original similarity matrix and the similarity matrix recomposed from the UPGMA tree. This enabled the reliability of the individual branching levels in the dendrogram to be estimated. The repeatability of the AFLP methodology was investigated on three different strains of P. phosphoreum and three different strains of P. iliopiscarium, including the type strains of both species. DNA was extracted from each strain in three independent assays. The 18 AFLP patterns generated were analyzed in a single dendrogram using the Dice similarity coefficient, followed by UPGMA clustering. For each isolate, repeatability was determined as the similarity value between the three replicates. Then, the six values were averaged to obtain the mean repeatability, used as a threshold to define identical genotypes.
luxA-gene PCR amplification
Chromosomal DNA of isolates of the P. phosphoreum strain group was analyzed by PCR to detect the luxA gene. The absence of this gene enabled P. iliopiscarium to be discriminated from P.
phosphoreum and P. kishitanii . The P. phosphoreum-specific luxA primer pair Af/Ar was used to amplify the luxA region (about 750 bp) simultaneously with the gyrB gene using the 22f/1240r primer pairs in a duplex PCR. Both primer pairs were described by Ast and Dunlap (2004) . After optimization of the annealing temperature, the following amplification protocol was performed: initial denaturing at 95°C for 3 min; 35 cycles of denaturing at 95°C for 1 min, annealing at 53°C for 1 min, extension at 72°C for 1.5 min; one cycle at 72°C for 7 min; snap cooling to 12°C.
The size of the PCR products was determined in a 1.8% (w/v) agarose gel (Invitrogen) using a 50-2000 bp low range DNA Ladder (exACTGene, Fisher BioReagents, Fisher Scientific International Inc.).
gyrB-gene amplification, sequencing and phylogenetic analysis
The gyrB sequences of isolates and reference strains belonging to the Photobacterium genus were determined in this study. Two extra gyrB sequences from GenBank were included in this data set, one sequence of Photobacterium aquimaris BS-1 (JQ229762.1) (Urbanczyk et al., 2012) for its genetic proximity to the three species P. phosphoreum, P. kishitanii and P. iliopiscarium, and one of Photobacterium angustum ATCC 33975 (AY900627.1) to create an out-group. Amplification of gyrB (approximately 1200 nucleotides) was performed according to the protocol described by Dunlap and Ast (2005) . The gyrB product was sequenced with an automated sequencer (Beckman Coulter Genomics, Takeley, UK) using the amplification primers 22f/1240r and the internal primers ili609f
(GAAGGTTATTCAAAGAAAGC) and ili602r (CTTTGAATAACCTTCTTTATCC) designed for this study. The four resulting sequences were assembled into a unique contig with the BioEdit sequence alignment software (Hall, 1999) .
A multiple alignment of the 1211 bp sequences was performed using the MEGA software package (version 6) (Tamura et al., 2013) . It was verified by comparison with an alignment of the corresponding amino acids. After visual inspection, the 5" region of 671 bp was kept for further analysis and the highly conserved, less informative region in 3" was discarded. Phylogenetic analyses were also carried out with the MEGA software: phylogenetic distances were calculated using the Kimura-2 correction. A neighbor-joining dendrogram (Saitou and Nei, 1987) was constructed and a bootstrapping analysis was performed using 1000 bootstrap replicates.
Results
After preliminary experiments using six primer combinations ( Isolates previously identified as belonging to the P. phosphoreum species group were delineated in two main clusters at a cut-off level of 40% similarity: cluster I (43 isolates) and cluster II (11 isolates), respectively. These clusters were strongly delineated, with cophenetic correlation coefficients of 92 and 95%, respectively. Each of these two clusters was divided into two subclusters grouping at a cut- To support these findings, luxA-gene PCR detection and gyrB-gene sequencing were performed. luxA and gyrB genes were co-amplified in a single multiplex PCR in which the gyrB gene was the internal PCR control. The luxA gene was missing in all 11 isolates from cluster II of the AFLP analysis ( Fig.   1 ), while the gene was confirmed in all other isolates of cluster I and reference strains R1, R2 and R4, R5, supposedly belonging to P. phosphoreum and P. kishitanii, respectively. The luxA-gene amplification results are summarized in Table 1 .
The gyrB gene of isolates and reference strains R1 (P. phosphoreum, CIP102511 T ), R2 (P.
phosphoreum, CCUG16288), R3 (P. iliopiscarium, DSM9896 T ), R4 and R5 (P. kishitanii,
LMG23890
T and CIP104260, respectively) was amplified and sequenced. Sequence analysis using the neighbor-joining method, with the Kimura-2 correction, resulted in the phylogenetic tree shown in Fig.   2 . The tree displays three distinct groups with high bootstrap values around the three type strains of P.
phosphoreum, P. kishitanii and P. iliopiscarium. Genetic distances between the P. kishitanii group and the groups of P. phosphoreum and P. iliopiscarium are 12% and 12.9%, respectively. The distance between P. phosphoreum and P. iliopiscarium is 6.2%. Within the groups, similarity is 99.5% (98 -100) for the P. phosphoreum group, 99.5% (98.9 -100) for the P. iliopiscarium group and 98% (96.9
-100) for the P. kishitanii group. These three species show a genetic distance of at least 10.1% with P.
aquimaris and a genetic distance of at least 19.8% with P. angustum. As anticipated, the P. kishitanii reference strain CIP104260 was found to be identical to the P. kishitanii type strain. The strain CCUG16288 clustered with this group at around 97% similarity.
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Discussion
According to the AFLP study, 43 isolates were identified as P. phosphoreum and 11 isolates as P. , could be assigned to cluster II. Both clusters corresponded to the separation observed in the AFLP analysis ( Fig. 1) and also corroborated the finding of the luxA gene in P. phosphoreum and P. kishitanii but not in P. iliopiscarium. We have thus confirmed the results of Ast et al. (2005) , that the absence of luxA distinguishes P. iliopiscarium from P. phosphoreum and P.
kishitanii and this absence is consistent with the inability of the P. iliopiscarium isolates to produce luminescence.
From the AFLP results, it can be concluded that strains from the same Photobacterium species share at least 45% similarity, while less than 45% similarity suggests that isolates belong to different species of the genus Photobacterium. In addition, the reproducibility of the AFLP technology could be used to estimate the similarity between closely related isolates or strains from Photobacterium. The average similarity value obtained between replicates can be used as a threshold to define identical or clonaly related isolates belonging to the same AFLP genotype. Isolates included in the same AFLP genotype were shown to be 100% similar in the gyrB-gene sequence analysis (Fig. 2) .
Reference strain R2 (CCUG16288), previously identified as P. phosphoreum, was found according to the gyrB-gene sequencing and the AFLP analysis, to belong to P. kishitanii. Since this strain, also named strain 455 or ATCC35081, was isolated by Baumann (Reichelt and Baumann, 1973 ) before the description of P. kishitanii, it clearly needs to be reclassified as P. kishitanii.
Interestingly, in a previous study, MIP encoded isolates were analyzed by temporal temperature gradient gel electrophoresis (TTGE) and the pattern of MIP2472 and MIP2478, now identified as P.
iliopiscarium isolates was clearly different from those of the other P. phosphoreum isolates (data not shown). The hypothesis of their species difference was confirmed here.
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AFLP technology is generally considered a powerful technique for the identification of strains related at the species level. For Vibrionaceae, this method has been applied extensively to the genus Vibrio (Arias et al., 1997; Beaz-Hidalgo et al., 2008; Tao et al., 2012; Thompson et al., 2001 ) but only to two species of the genus Photobacterium: P. damselae (Botella et al., 2002; Kvitt et al., 2002; Takahashi et al., 2008; Thyssen et al., 2000) and P. kishitanii (Ast et al., 2007) . In most of these studies, the restriction enzyme pair TaqI/HindIII was used, with only one primer set for the selective amplification. The enzymes EcoRI/MseI, used in the present work, have previously been applied with several primer sets for selective amplification in the studies of Ast et al. (2007) and Takahashi et al.
(2008).
As stated by Ast and Dunlap (2005) , until recent years, due to the previous inability to distinguish the three species within the P. phosphoreum species group, the ecological distribution of P. phosphoreum and P. iliopiscarium was poorly known. P. phosphoreum is commonly isolated from the intestine and skin of marine fish, incubated at low temperatures. P. iliopiscarium has been recovered from the intestines of species of cold-water fish and from samples of spoiled packaged fish stored under modified atmosphere at low temperature (Urbanczyk et al., 2011) . In this study, all the isolates were picked from different salmon products during studies monitoring the microbial quality of raw salmon (Macé et al., 2012 (Macé et al., , 2013b ) and cold-smoked salmon . P. kishitanii did not occur among this set of isolates studied. This species, known to be a specific and exclusive bioluminescent symbiont of many different deep-sea fish, has also been encountered on warm-water fish skin .
To our knowledge, P. kishitanii has never been listed in the literature as occurring on cold or temperate seawater fish, except in a recent work on food-specific bacterial communities associated with meat and seafood spoilage (Chaillou et al., 2014) . In that study, a metagenomic approach was used in which P. kishitanii was demonstrated to be part of the core seafood community i.e. occurring in cod fillet, salmon fillet and cold-smoked salmon.
The P. phosphoreum species group has been identified as the main SSO responsible for sensory spoilage of several chilled marine seafoods (Dagaard et al., 1993; Dalgaard, 1995; Emborg et al., 2002; Macé et al., 2013a) . However, due to the inability until recent years to distinguish P.
phosphoreum and P. iliopiscarium, their respective spoilage potential has never been studied. Some strains of the P. phosphoreum species group used in the present study have been assessed in our laboratory for their spoilage potential. Five strains previously isolated from cold-smoked salmon, identified as P. phosphoreum in the present study, have been shown to be spoiling bacteria when inoculated on sterile cold-smoked salmon (Joffraud et al., 2001 (Joffraud et al., , 2006 Stohr et al., 2001) . In a recent work, Macé et al. (2013a) studied the spoilage potential of a mixture of four strains of Photobacterium, two P. phosphoreum and two P. iliopiscarium strains according to the present study.
The mixture was spoiling but, as the strains were tested together, we cannot conclude about the respective spoilage behavior of the two species. Further studies are necessary to resolve this point.
Conclusion
In this work, an AFLP analysis was implemented on a collection of isolates recovered from various salmon products. In order to evaluate its robustness, three primer sets were used for the selective amplification step. As for other bacterial genera reported in the literature, AFLP was confirmed as a powerful technique for the delineation of isolates, related beyond species level, of the genus Photobacterium. The method also detected clonally related isolates belonging to the same AFLP genotype. The AFLP method was shown to distinguish clearly P. phosphoreum and P. iliopiscarium, two species that were previously difficult to discriminate with other than highly specialized phylogenetic studies. This discrimination was supported and validated by gyrB-gene sequence analysis and by the presence or absence of the luxA gene. Only a few isolates have previously been studied for their ability to spoil salmon products and the respective spoilage behavior of these two species was not clarified. Thus, the AFLP method presented here could be an excellent tool for genotyping isolates A C C E P T E D M A N U S C R I P T J4C4.
* species identification according to gyrB gene sequencing. 
